Ca,pmm Durrer-Se'rva.nt-a:s rff-bh/ 0'711 2593; PRD + one more in prep.
.:i’;‘t' . ]




---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* *

Gravitational Waves: A way to probe astrophysics
E ... and high energy particle physics.

* *
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Gravitational Waves interact very weakly and are not absorbed

) o A

direct probe of physical process of the very early universe

Small perturbations in FRW metric:

ds® = a*(n)(dn® — (6;; + 2h;;)dx"dz?) G =8nG 1),
g 9 .
hij (k7 77) W _hij (k7 77) A thij (ka 77) = 87TG0’2 (n)H’L] (ka 77)

' éource of GW™
anisotropic stress
P =

possible cosmological sources:

inflation, vibrations of topological defects, excitations of xdim modes, 15" order phase transitions...

1/3
requenc % > 4 52 Rl 6 S T f
b P e :f*(go> =2 ~ 6 x 10~ mHz (== ) /
observed today: ag Jss 100 100 GeV H.

*



Beyond GW of astrophysical origin, another mission of GW astronomy will be to
search for a stochastic background of gravitational waves of primordial origin
(gravitational analog of the 2.7 K CMB)

Stochastic background:
iIsotropic, unpolarized, stationary

Ll T
ooooo
N

GW energy (i hid) / dk dQg (k)

density: Qg = G = bt d10g ()

A huge range of N | |
frequencies oo N B 11T S ———

N =32 ,
80 - LIGO

100 -,

420 | COBE

-140 -

-16.0 -

: 180 140 100  -60 20 20 6.0
from Maggiore Logl (H2) ]




Why should we be excited about mHZ freq.?

1/3
Q% gds0 1o =1 ( 9 )1/6 T s

S = et ( gs*) 3 & A0/ 100 GeV H;

(gw h? .
LISA: Could be a new window
-8

Lo o, LIGO on the Weak Scale
10710 §__

~~~~~~~~ /" J TS m—— LISA band:
10712 BBO/Corr ) ;

pi 107" —10"° Hz
10_14 ~~~~~~ "l -
1 0—1 6 ‘s\\~~~~ i’ /’
1074 U102 1N O Al T 1 10 100 (H2)




Which weak scale physics?

=> Strong first order phase transitions

Examples:

= "Standard” Electroweak Phase Transition

o test of the dynamics of the phase transition
(quite important to analyze models of EW baryogenesis)

@ reconstruction of the Higgs potential / study of new models
Of EW SymmeTry br'eaking (little Higgs, gauge-Higgs, composite Higgs, Higgsless...)

=  “3-brane” nucleation in Randall-Sundrum models






/5 Zwé eéofmafm%@ G e g g O Wé.?

LHC might answer as it will shed light on the Higgs sector

Question intensively studied within the Minimal
Supersymmetric Standard Model (MSSM).

However, not so beyond the MSSM:

I't is timely to investigate whether the recently proposed new models
of Electroweak symmetry breaking (gauge-higgs unification in extra
dimensions, composite Higgs, Little Higgs, Higgsless...) can lead to a

first order electroweak phase transition.



GW from phase transitions

FIRST ORDER (e.g. ELECTROWEAK?):

@ Collision of bubbles walls
@ Turbulent motions
@ Magnetic fields

}.Lij (k7 77)

s
_hij (kv 77)

R~ v,8 ' ~0.01H,"
ﬂ_l Duration of the phase transition

Up <1  Speed of the bubbles walls

k“hij(k,n) = 8nGa”(n)IL;; (k, )

C KSource of GW:

\anisotropic stress




A not so hew subject...

first suggestion:Witten’84

@ Early 90's, M. Turner & al studied the production of GW produced by
bubble collisions. Not much attention since the LEP data excluded a

15" order phase transition within the SM.

Kosowsky, Turner, Watkins’92
Kamionkowski, Kosowsky, Turner '94

@ '01-'02: Kosowsky et al. and Dolgov et al. computed the production of
GW from turbulence = stronger signal. Application to the (N)MSSM
where a 15" order phase transition is still plausible.

----------------------------------------------------------- KOSOWSky, MaCk, KahniaShVili,Og
---------- Dolgov, Grasso, Nicolis’02

[/'/{/ azmé" ..................................... Caprini, Durrer 06
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= Model-independent analysis for detectability of
GW from 15" order phase transitions

Grojean, Servant ‘06
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=> Apply To Randall-Sundrum phase transition
Randall, Servant’O6

=>  Revisit the Turner et al original calculation .
Caprini, Durrer, Servant’07 .

*
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A two parameter problem...

A 1st order phase transition proceeds by nucleation of bubbles

kinetic energy of bubbles is transferred to GW either by

@ bubble collisions
@ injection of energy into the plasma fluid

(creating a homogeneous, isotropic, fully developed and stationary turbulent regime).

detonation regime: bubble walls propagate

Need to move large mass rapidly = faster than the speed of sound

The stronger is the transition,
the larger is a and the smaller is



Shape of the potential at the nucleation temperature

« and B : entirely determined by the effective
scalar potential at high temperature




Compute rate of bubble nucleation T o ¢ °3(1)/T

I\ 2
SE(T) = 47T_/d7“ i 5 (%) + V(¢s,T') |: euclidean action for a critical bubble

Overshooting-undershooting method
to search for the bounce solution ' /

d2¢b | 2d¢b oV 75 -V(®) /‘1%./_\

dr2 ' r dr Oy e \ 0
Ay = £
dr RELS Vo | ¢b‘T:OO 2 O (r) Fo=ng

Nucleation occurs when the probability
for the nucleation of 1 bubble
per 1 horizon volume is ~ O(1)

= translates into 53 (T*)/T* ~ 140

undershoot

\. overshoot




Fraction o %Mm/% @7 u@§M/é@

has to be big (= for LIGO/LISA
and 2 i21:10)

% and Hy = 2.1332 x h x 10 “2GeV

td

10* 102 102 101




.ESTII’\'\GTQ of the GW energy density at the emission time:

Pew ™ h2 /167G

SGUV:BTC GTUV e BZhNSWGT —— F‘NSTCGT/B

where T~Pkin~Prad Ve

Keox2v?
HZ pkinZ/
QGW = A T
; B? Prot® ' 3 parameters
: x,B.v
PR h e e o i
Qsw H; a




BBQ'Corr & BBQ Corr

v
J

¢ ‘: - -~
- ~ - - . -
F 4 x 1076 GeV ! E =34x1010GeaV
! 1

=3

10°  10°°

1

100 GeV F* v




A phase transition at T~ 10" GeV could
be observed both at LIGO and BBO:

T=10PeV

LISA LIGO

_..“4D binarigs

0 y 1 1) AN IR . S

10 10° 102 10" 1




GW from phase transitions could entirely mask
the GW signal expected from inflation:

025 05 075 126 15 175






In the SM, a 1Irst-order phase transition can occurr
due to thermally generated cubic Higgs interactions:

V(6.T) ~ 3 (~4h + T + 54 BT

¢
~BT D, —gagemd M5(0)

Sum over all bosons which couple to the Higgs

Inthe SM: > =D => not enough
W.,Z

mh<35 GeV would be needed to get ®/T>1 and for
mh >72 GeV, the phase transition is 2nd order






¢/ Does not rely on the thermally generated negative self cubic Higgs
interactions

v/ Instead, we add a non-renormalizable ®”6 term to the SM Higgs
potential and allow a negative quartic coupling :

2"

V(@) = pilof —aefty I

=> Can induce a strong 1rst-order phase transition if JASSEEIAY



Strength of the transition in the SM:
SRR (¢(Te)) _2Ev; _4Eu

(p(T¢)) v T 2 :@

3 3
oo % 246 GV, sl — ~Bua e iy | 4=3

S AR
1.
<¢§F )>21 — g, S 47 GeV

and using our potential:

Sty S R\ A*mi + 20°m3vg — 3us

and 17 =

(P(T) = 398~ T

9 16CA21}§



125 150 175 200 225 250 275 300
my, (GeV)

The blue region
corresponds to
a first order
phase transition



A concrete example of the possible originsof the |2°| term

=> Decouple a massive scalar singlet coupled to the Higgs via

1 1
AV = —m2¢2 + mo, 2T + iagbiqﬂcp.

2

Assuming m ~ mg; > vg=>




Sps JW//%@& éfja o P Higrs -l —WJ

mi V5

e %H%%H% %H4+... S 2 V0 A°
m2, 0
0

Contours of

B/ psy—1

The dotted lines
delimit the region for
a strong 1rst order
phase ftransition

émfm éﬁﬁmm wcter O. 7%/2









@me is a slice of AdSs »

RS1 (has two branes) versus RS2 (only Planck brane)



Solution to the Planck/Weak scale hierarchy
The Higgs (or any alternative EW breaking) is localized at

y=iR, on the TeV (IR) brane

After canonical normalization of the Higgs:

_ ------------- _k,n.R .......... :
i e S e |
parameter in the 5D lagrangian
Planck oV Mp,
brane P kR ~ log( TeV)
Yy =

e Tl
Exponential hierarchy from O(10) hierarchy in the 5D theory

One Fondamental scale : Ms ~ Mp; ~k ~ As/k ~r~*

Radius stabilisation using bulk scalar (Goldberger-Wise mechanism)

(hidia s T
W A
™ m e
Warped hierarchies are radiatively stable as

cutoff scales get warped down near the IR brane



Cosmology of the Randall-Sundrum model

At high T: AdS-Schwarzchild BH solution with event horizon shielding the TeV brane
Temperature is oo high o experience weak scale phenomena

At low T: usual RS solution with stabilized radion and TeV brane

Natural stabilisation 4 k2

of radius kr====In{—| ~ 10

a la Goldberger- acpral
Higgs or Wise :

alternative
dynamics for

Planck KMSMM/%A@ f/MJ&LLW

Slice of AdS 5

=2k w lyl 2

dx "+ rzdy2

Assuming the universe started at T>> Tc, the PT has to take place if we
want a RS set-up at low T.

Start with a black brane, nucleate "gaps” in the horizon which then
grow until they take over the entire horizon.



Radion field determines spacing between branes

2 p>  pp/L? 2
QIS (Lz AT ) giast o ph/L2 L2 Zdw Require that radion is stabilized around TeV
g2y
reduces to pure AdS metric for pp = 0 U = e_lmrMpl
_ Ph e
Ly EE Frs = (44 2€)u* (v1 — vo(p/10) )’
—evip* + 6T p* + O(u®/ o)
4 34
FAdS—S — _27-‘- (ML) T szn s A= 3/201/’LTeV

Second brane emerges at T~TeV

i.e. radion startsat © =0

b(YM hg'g&%t‘;g*/\lvé 2 and evolves 1o 1 = firey
= T

Key is stabilising mechanism
1/4
_Svmzn
T2 N2

L=

From 4D perspective , expect transition through bubble nucleation
From 5D perspective , spherical brane patches on horizon



Goldberger-Wise mechanism

Start with the bulk 5d theory L = / dx4dz\/ —g[QMBR = A5] As = —24M3K?
The metric for RS1is = (i (77/“/ dztdx” + dz?) where k = L~ lis the AdS curvature
e—Qkynledx,udaj 2 dy R i 1 ky

and the orbifold extends from z=zo=L (Planck brane) to z=z; (TeV brane)

Which mechanism naturally selects z1 >> zo?  simply a bulk scalar field ¢ can do the job:

[ dtadz (51-(06)? ~ mP6] + 6z — 20)VGLo(6(2)) + 8(z — )VGiLa(6(:)

¢ has a bulk profile satisfying the 5d Klein-Gordon equation
¢:AZ4+€—I—BZ_€ where e = \/A+m2L2 — 2 ~ m2L%/4

Plug this solution into Veff R / dz\/g[_(agb)Q 2 m2¢2]

A
Vaw = 21_4 (4 + 2¢) (vl — Vg (@> ) < ev% - (zo/zl) =% 4P(
= - :

1/€
(UO ) Similar to Coleman-Weinberg
mechanism

)



a five-dimensional set-up
but we can treat this as bubble nucleation in four dimensions

Low energies: radion dominates potential

High energies: holography
(M/k)* ~ N?/16m° Need N large



Computation of the tunneling rate Lo TC4 & 2

only the radion mode contributes

AR G Ly T8 i significantly to the action

(i.e large N)

justified if viand € are small: in which case potential is shallow and most of
the action comes from the RS side as p changes from O to prev

The contribution from the AdS-S side to the thermal bounce is neglected

Phase transition only completes in borderline perturbativity region
klarge , € large , vi ~ N

Mp;
T

° ) Al 2
Transition rate [ ~Tle ™ =m=— Ng¢ 24/log

ieif Tc~1TeV => N<¢12
(ML)®> = N? /167"



Evolution of radion potential
with temperature

Vtot (ﬂsT)

Q0 1250 1500 "

J=0

The transition does not take place until the temperature is sufficiently low so that we
enter in the thick wall regime.



Calculation of S: S3 X
V|V

- in thin wall and thick wall (Pnwel 2 pPTev) approximations

Comparison of thin wall and thick wall approximations with exact solution:

S, , exact
3/T¢ , thick wall

S3/T. , exacty




Calculation of S: Sa o

- in thin wall and thick wall (pnwel 2 pPTev) approximations
- for both €>0 and €<0

- for large supercooling: O(4) symmetric bubbles
- effect of modified TeV brane tension

e<0 ,

0 ’ 5T1 =0

R back reaction

In region where transition can take place
strong gravity wave signal




Effect of increasing N

IR back reactio




Gravitational Wave signal
as a function of nucleation temperature

/wr/

(3) solution

T./T
0.2 03 04 05 06 0.7 08 0.9 T.T
06 065 0.7 075 0.8 085 0.9

4 4
‘Avi’ N L I6; % X % ~ 140 X % for O(3) sol.
2N2T4 /R 4 et 3 o A
TN /8 Tn H v 7 14_“a4 ~ 140 x 14_aa4 for O(4) sol.



Wm/@ z%smyma%ﬂ‘ W%e/w%% /ﬁf%f%/
and debernine the, valoes of o and P

@y@cfm/@éﬂmm W te, /@ﬁgb‘m/ﬁf%f%/

Particular model:




Gravitational Waves from "3-brane” nucleation:
Signal versus LISA's sensitivity

e=—0.25 ,N=12, u=5TeV, 6Ty =-0.5 w42 ,v;/N=0.7 e=—0.25 ,N=12, y=5TeV, 6Ty =-0.5 v;2 ,v;/N=1.1

Signature in GW is generic,

i.e. does not depend whether Standard Model is in bulk or on TeV brane

but crucially depends on the radion properties









Stochastic background of GWs

GW power spectrum:

g, Sl 5|
dinkis G

n
Wave equation: hij(k,n) = / drg (7, n);;(k, 7)
n

in

(hij(k,n)hii(q,n)) = 6(k — q)|h|*(k,n)

Anisotropic stress <Hz‘j (k, 7_1)1—[;} (q,72)) = 0(k — Q) (k, 71, 7)
power spectrum:

Energy momentum tensors: II;; = Pf;-nTlm energy squared
B I
Tij o i d°qB;(|k — QDBJ'(Q)

4 point correlation function Gaussianity Power spectra



d Source of G
anisofropic stress
fransverse traceless
component of energy-
Caprini-Durrer-Servant astro-ph/0711.2593, PRD: momentum tensor

o intrinsically stochastic approach

a provide a model for the bubble velocity power spectrum

o peak frequency is higher by a factor 2/v

Peak frequency is associated with the bubble size, i.e.the length scale at which the velocity correlation
function goes to zero. The same length scale determines the peak in the GW power spectrum

o resolution of wave equation, shape of spectrum derived
o extension to deflagration case (velocity shell)

o signal from just collisions is typically not observable unless B/H~10



2
Qgw h T=200 GeV, o=1, 5/H=50

10779 .

1072 .

1077

1071° |

oL e f(H2)
0.0001  0.001 0.01 0.1 1. 10.




Cmoésm %4

Still a bit Too premature to apply existing
formulae for the GW spectrum from phase
transitons to your favorite particle physics

model. Wait until

1) spectrum from MHD turbulence better under control

2) reliable bubble wall velocity calculation available



